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Large-Scale Ex Vivo Generation of Human Red Blood
Cells from Cord Blood CD34™ Cells
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ABSTRACT

The ex vivo generation of human red blood cells on a large scale from hematopoietic stem and pro-
genitor cells has been considered as a potential method to overcome blood supply shortages.
Here, we report that functional human erythrocytes can be efficiently produced from cord blood
(cB) €D34" cells using a bottle turning device culture system. Safety and efficiency studies were
performed in murine and nonhuman primate (NHP) models. With the selected optimized culture
conditions, one human CB CD34" cell could be induced ex vivo to produce up to 200 million eryth-
rocytes with a purity of 90.1% + 6.2% and 50% =% 5.7% (mean = SD) for CD235a* cells and
enucleated cells, respectively. The yield of erythrocytes from one CB unit (5 million CD34* cells)
could be, in theory, equivalent to 500 blood transfusion units in clinical application. Moreover,
induced human erythrocytes had normal hemoglobin content and could continue to undergo ter-
minal maturation in the murine xenotransplantation model. In NHP model, xenotransplantation of
induced human erythrocytes enhanced hematological recovery and ameliorated the hypoxia situa-
tion in the primates with hemorrhagic anemia. These findings suggested that the ex vivo-
generated erythrocytes could be an alternative blood source for traditional transfusion products in
the clinic. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1698-1709

SIGNIFICANCE STATEMENT

We report that functional human erythrocytes can be efficiently produced from cord blood
CD34™ cells using a bottle turning device culture system. With the optimized culture conditions,
the amount of erythrocytes derived from one cord blood unit (5 million CD34" cells) could, in
theory, be equivalent to 500 blood transfusion units in clinical application. The induced erythro-
cytes had normal features and functions, and could be continuous to undergo terminal matura-
tion in vivo in the immunodeficient mouse. Moreover, xenotransfusion studies in nonhuman
primates with hemorrhagic anemia confirmed the safety and efficiency of the induced erythro-
cytes. These findings suggested that the ex vivo-generated erythrocytes could be an alternative
blood source for traditional transfusion products in the clinic.

has been considered as a potential method to
overcome the shortage of blood supply.

The ex vivo generation of RBCs can be
achieved using optimized media, combinations of
cytokines, and stromal cells [3, 4] to simulate the

INTRODUCTION

Blood transfusion is widely used for various clini-
cal therapies. However, clinical sources of blood
are limited, and the supply of blood for transfu-

sion is dependent on blood donations by volun-
teers. Data from the World Health Organization
reveal that an estimated of 108 million blood don-
ations are collected annually worldwide [1].
Nevertheless, globally declining fertility rates indi-
cate a gradual reduction in the donor-eligible pop-
ulation, and blood supply shortages are predicted
globally by 2050 [2]. Furthermore, the risk of
infection through transfusion remains an issue. In
response to these concerns, the ex vivo produc-
tion of red blood cells (RBCs) on a large scale from
hematopoietic stem and progenitor cells (HSPCs)

HSPCs niche in vivo. During the last two decades,
researchers have successfully expanded and
induced erythrocytes from HSPCs in the labora-
tory, and the functionality of cultured erythrocytes
have been confirmed in the immunodeficient
mice model [5-7]. In 2011, a study has provided
the first proof-of-principle in humans for the use
of ex vivo-expanded RBCs for transfusion [8].
These findings demonstrated the feasibility of
transfusion with cultured RBCs. However, generat-
ing large-scale and clinically applicable RBCs still
remains an obstacle because of the large number
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of cells that are required for transfusion. To address this concern,
researchers have focused on maximizing the numerical expansion
of RBCs from HSPCs. Neildez-Nguyen et al. [6] described a process
that yielded a 200,000-fold expansion of erythroid precursor cells
derived from cord blood (CB) CD34" cells (corresponding to
approximately 0.5 transfusion units/donation). Although not yet
mature, these cells were able to undergo terminal differentiation
in a nonobese diabetic/severe combined immunodeficient (NOD/
SCID) murine model. Subsequently, Giarratana et al. [7] developed
a protocol for the large-scale ex vivo production of mature human
RBCs from HSPCs by coculturing them with mouse MS-5 cells. The
approach can achieve an up to two million-fold numerical expan-
sion of enucleated erythrocytes. Fujimi et al. [9] also reported a
“large-scale” process for ex vivo generation of RBCs by coculture
with human macrophages. The process was capable of generating
up to 10 units of RBCs from two umbilical CB collections. However,
all of these large-scale processes were developed in 10-ml tissue
culture flasks; there is a difference between the actual yield and
theoretical yield. Furthermore, the dependency on stromal cells
hampers the application of this method because of the high com-
plexity and expense [10]. To facilitate the translation from labora-
tory flask-based RBC culture methods to a bioreactor system,
Timmins et al. [11] adapted a feeder-free protocol for use in an agi-
tated bioreactor system. After 21 days of culture, this approach was
able to achieve an amplification of 1.7 X 10°-fold by calculation.

Despite this progress, existing bioreactor technologies are cur-
rently insufficient to meet the demands of routine RBC production,
and novel techniques need to be developed for efficient RBC pro-
duction. In addition, majority in vivo studies in the past were per-
formed in murine models, which are not enough for confirming the
safety and efficacy of the induced RBCs. Nonhuman primates (NHP)
are considered to be more valuable mammalian models [12, 13].

In the present study, we optimized culture conditions and
developed a bottle turning device culture system for ex vivo gen-
eration of human erythrocytes on a large scale from CB CD34"
cells. We also evaluated the safety and functionality of induced
erythrocytes in murine and NHP models.

MATERIALS AND METHODS

CD34™ Cell Collection

Umbilical CB samples (O-type) from anonymous specimens were
provided by the Suzhou Municipal Hospital Affiliated Nanjing Medi-
cal University (Suzhou, China). The study was approved by the Hos-
pital’s Ethics Committee and Research Ethics Advisory Committee.
CD34" cells were isolated by super magnetic microbead selection
using Mini-MACS columns (Miltenyi Biotec, Bergisch Gladbach, Ger-
many, http://www.miltenyibiotec.com/). The purity of isolated
cD34" cells ranged from 90% to 99%, as determined by flow
cytometry using anti-human CD34 mAb conjugated with phycoery-
thrin (PE) (BD Biosciences, NJ, http://www.bdbiosciences.com).

Cell Culture

Isolated CD34™ cells were initially seeded at a density of 1 X 10°
cells/ml in 25-T flasks (Corning) at 37°C with 5% CO,. After 5 days,
cell cultivation was transferred into the bottle turning device
(HERAcell 240i; Thermo Fisher Scientific Waltham, MA, http://
www.thermofisher.com/) (Supporting Information Fig. S1). The
bottles were placed horizontally in an incubator at 37°C with 5%
CO; in air, and the bottles were rotated at 0.75 U per minute. Cells
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were cultured in modified medium (MM) based on Iscove’s Modi-
fied Dulbecco’s medium (IMDM) (Life Technologies, Shanghai,
China https://www.lifetechnology.com/) added with nutrition sup-
plements [14, 15], which consisted of putrescine (100 uM; Sigma-
Aldrich, shanghai, China, http://www.sigmaaldrich.com/), sele-
nium (5 ng/ml; Sigma-Aldrich,), insulin (25 pg/ml; Sigma-Aldrich),
transferrin (200 pg/ml; Sigma-Aldrich), folic acid (10 pg/ml;
Sigma-Aldrich). The ex vivo expansion and differentiation protocol
was comprised of four steps: step 1 (day 0-5), step 2 (day 6-12),
step 3 (day 13-18), and step 4 (day 19-21). For each step, differ-
ent combinations and concentrations of various growth factors
(Table 1) including stem cell factor (SCF), thrombopoietin (TPO),
fms-related tyrosine kinase 3 ligand (FL), interleukin (IL)-3,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
erythropoietin (EPO), and fetal bovine serum (FBS) (15% vol/vol;
Hyclone, Marlborough, MA, https://promo.gelifesciences.com/gl/
hyclone/) were added to MM to determine the optimal conditions
for ex vivo generation of human erythroid cells. All cytokines were
purchased from Biopharmagen Corp. (Suzhou, China, http://www.
biopharmagen.com/) unless otherwise specified.

At regular intervals (1 or 2 days), cultures were demi-depleted
and fed with fresh medium to give a final cell density of 3 X 10° in
a minimum volume of 200 ml in each 2 liter-bottle. In the later
stages of culture, total volume increased to 600 ml by dilution feed-
ing in each bottle. For optimization process, cultures were main-
tained in one bottle. For large-scale cultures, a total of 10° CB
€D34" as initial cells were expanded to produce 2.9 X 10 total
cells by the use of about 120-liters medium for subsequent studies.

Cells were stained with 0.4% trypan blue and viable cells were
manually counted at various time points using the Count Star cell
counting system (Shanghai,China, http://www.countstar.cn/). Cells
were stained with Wright-Giemsa reagents (NJJCBIO, Nanjing,
China, http://www.njjcbio.com/) for morphological analysis.
Images of the stained cells were taken under a microscope with a
digital camera (Olympus, Tokyo, Japan, http://www.olympus-
global.com/). Cells cultured for 21 days were harvested and stored
at 4°C for 4 weeks in a Sag-M preservative-based solution as previ-
ously described [8].

Flow Cytometry

Flow cytometry data were obtained using the FACSVerse system
(BD Biosciences) and analyzed using FlowJo software. At least
10,000 events were acquired for each sample. The samples were
analyzed for expression of cell surface markers using Fluorescein
isothiocyanate (FITC)-labeled antibodies against CD235a (glyco-
phorin A); phycoerythrin (PE)-labeled antibodies against CD34 and
CD45; allophycocyanin (APC)-labeled antibodies against CD71. FITC-,
PE-, or APC-conjugated isotype-matched antibodies served as con-
trols. Primary human anti-RhD antibodies (Bio-Rad, Shanghai, China)
and secondary Alexa Fluor 647-conjugated rabbit anti-human anti-
bodies (Abcam, Shanghai, China, http://www.abcam.cn/) were used
to detect RhD. All antibodies were purchased from Biopharmagen
Corp. (Suzhou, China) unless otherwise specified. Cells were stained
with the nucleic acid stain LDS-751 (Life Technologies) to identify
enucleated cells (LDS™ cells) as described previously [6, 8].

Colony-Forming Unit Assay

Colony-forming unit (CFU) assays of unexpanded human CB
CD34" cells and cells cultured for 5 days, 9 days, and 12 days
were performed as described previously [16]. Cells were incu-
bated at 37°C in 5% CO, with >95% humidity for approximately
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Table 1. Culture formula optimization for human erythroid cell expansion

Nutrition FBS SCF EPO IL-3 FL GM-CSF TPO
Group IMDM supplements (15% Vol/Vol) (ng/ml) (1U/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
Step 1 IMDM + - - - - - - - -
MM + + - - - - - - -
MM +F S ar F - = = = = =
MM-+SFT* + + 100 - - 100 - 50
MM +F+SFT + + + 100 = = 100 = 50
Step2  SE3 + + 100 6 20 - - -
P2 g + + + 100 6 20 - - -
SE3+F+FL(50) + + + 100 6 20 50 - -
SE3+F+FL(100) Ar ar iz 100 6 20 100 = =
SE3+F+FL(150) + + + 100 6 20 150 - -
SE3+F+FL+GM(5) + + + 100 6 20 100 5 =
SE3+F+FL+GM(10) + + + 100 6 20 100 10 -
SE3+F+FL+GM(15)° I 4 F 100 6 20 100 15 -
SE3+F+FL+GM(20) + + + 100 6 20 100 20 -
Step 3 SE A ar = 100 6 = = = =
SE+F + + + 100 6 - - - -
SE+F+IL-3(5) 4+ 4 4 100 6 5 = = =
SE+F+IL-3(10) + + + 100 6 10 - - -
SE+F+IL-3(15) S F W 100 6 15 - - -
SE+F+IL-3+FL(25) + + + 100 6 10 25 - -
SE+F+IL-3+FL(50)° ar Tr aF 100 6 10 50 = =
SE+F+IL-3+FL(100) + + + 100 6 10 100 - -
Step 4 E + + - 6 - - - -
E+F + + + - 6 - - - -
SE® 4 I - 100 6 - - - =
SE+F + + + 100 6 - - - -

Abbreviations: EPO, erythropoietin; FBS, fetal bovine serum; FL, fms-related tyrosine kinase 3 ligand; GM-CSF, granulocyte-macrophage colony-
stimulating factor; IMDM, Iscove’s Modified Dulbecco’s medium; MM, modified medium; SCF, stem cell factor; TPO, thrombopoietin.
The various combinations and concentrations of growth factors in different groups during the four-step culture are shown.

“The final optimized medium formula in each step.

14 days. Burst-forming unit-erythroid (BFU-E), CFU-erythroid
(CFU-E), and CFU-granulocyte-monocyte (CFU-GM) were counted
using a bright-field microscope. A colony with >100 cells was
counted as a positive colony.

Quantitative Reverse Transcription-Polymerase Chain
Reaction

Cultured cells were harvested at various time points. Total RNA was
extracted from cells using RNAiso Plus reagent (Takara, Dalian,
China, http://www.takara.com.cn). Reverse transcription was per-
formed using the RevertAid First Strand cDNA Synthesis System
(Thermo Fisher Scientific) in a 20 pl reaction volume. After reverse
transcription, 180 pl of water was added to the reaction mixture,
and 1 pl of aliquot was used for each reaction. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) was performed
using Power SYBR Green PCR Master Mix (Life Technologies,) and
StepOne Plus Real-Time PCR system (Applied Biosystems, Life Tech-
nologies). B-actin was used as an internal control. Primers (Support-
ing Information Table 2) were designed and generated by Sangon
Biotech (Shanghai, China, http://sangon.bioon.com.cn/).

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press

Hemoglobin Content Detection

The hemoglobin content of cultured cells and RBCs from a healthy
volunteer was quantified photometrically at 540 nm using Drab-
kin’s reagent (Sigma-Aldrich).

Functional Analysis of Hemoglobin

Oxygen equilibrium curves were determined using a Hemox-
Analyzer (TSC Scientific Corp, NY, USA, http://www.tcssci.com/).
The gas phase gradients were obtained using nitrogen and room
air, and the curves were run in both directions. Human peripheral
blood cells and umbilical cord blood cells were used as the con-
trols. CD34™ cells derived from CB that were cultured for 21 days
were collected, washed, and subjected to analysis.

Animals

Male NOD/SCID mice (specific pathogen-free; 6 weeks old, weight
16.0-18.0 g), obtained from the Experimental Animal Center of
Soochow University (Suzhou, China), were used for transplanta-
tion. The experimental protocols used for mice were approved by
the Institutional Animal Care and Use Committees of Soochow
University (IACUC permit number: SYXK (Su) 2013-0064).

STEM CELLS TRANSLATIONAL MEDICINE
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Table 2. Summary of relevant information of the primates before/after xenotransplantation

Characteristics Positive control I?

Positive control II°

Negative control® Experimental groupul

Age, yr 6 5 5

Sex male male male

Weight (kg) 5.6 4.6 4.2

Before xenotransplantation

RBC counts (10°/ml) 5.81 5.53 6.01

Hemoglobin content (g/1) 152 148 150

LDH (U/1) 390.5 353.2 276.4

Collected peripheral Blood(ml) 56 46 42

Collected RBC number (10°) 325.36 254.38 252.42

Xenotransplanted cell number

(After deleukocyting)

Total cells (10°) 325.36 254.38 126.21

Enucleated cells (10°) 325.36 254.38 126.21

FITC microbeads labeling — — 97%

efficiency, %
RBC source Human Human Human
peripheral ~ peripheral  peripheral

blood blood blood

5 5 6 6 5 5
male male male male male male
4.0 5.0 4.6 4.8 3.6 4.0
5.89 5.86 5.95 5.75 5.42 5.60
145 137 153 143 147 152
306.0 432.9 281.0 347.0 397.8 294.8
40 50 46 48 36 40

235.60 293.00 273.70 276.00 195.12 224.00
117.80 = = = 97.56 112.00
117.80 — — — 54.63 62.72
98% = = = 98% 96%
Human — — — Cultured Cultured
peripheral RBCs RBCs
Blood

Abbreviations: —, not applicable; FITC, fluorescein isothiocyanate; LDH, lactate dehydrogenase; RBC, red blood cell; yr, year.
@Positive control |: primates (n = 2) were transfused with RBCs derived from normal human peripheral blood. The amount of transplanted RBCs was

equal to the collected.

bpositive control II: primates (n = 2) were transfused with RBCs derived from normal human peripheral blood. The amount of transplanted RBCs

was half of the collected.

“Negative control: primates (n = 3) were treated with 706-hydroxyethyl starch after blood collection.
YExperimental group: primates (n = 2) were transfused with 21-day cultured cells after blood collection. The amount of transplanted cells was half

of the collected.

Cynomolgus primates (5—6 years old, weight 3.5-6 kg) were
obtained from the Medical Primate Research Center of the Insti-
tute of Medical Biology, Chinese Academy of Medical Sciences and
were housed and bred according to the Guidelines of the Experi-
mental Animals Ethics Committee at the Institute of Medical Biol-
ogy of the Chinese Academy of Medical Sciences (Permit Number
YISHENGLUNZI [2014] 07), which complied with the humane regu-
lations of replacement, refinement, and reduction (the 3 Rs) [17].

Studies in the NOD/SCID Murine Model

After sublethal irradiation (radioactive source: 0Co; dose: 2.5 Gy;
radioactive intensity: 0.38 Gy/minute), NOD/SCID mice were intra-
peritoneally injected with human type O RBCs (4-5 X 10° cells
per mouse) to saturate the reticuloendothelial system [7]. After
24 hours, the mice were injected intraperitoneally with 21-day cul-
tured cells (4 X 10° cells per mouse, experimental group, n = 4)
or normal human RBCs (4 X 10° cells per mouse, positive control,
n = 4), which had been previously washed, filtered through a del-
eukocyting filter, and labeled with CFSE (Life Technologies). Periph-
eral blood samples were then collected from the retro-orbital
plexus at different time points after injection and colabeled with
LDS-751, anti-CD71 antibodies, or anti-RhD antibodies for analysis
by flow cytometry. Continuous observation lasted 6 months to
evaluate the safety of cultured cells.

Studies in the NHP Model

Slide agglutination tests were performed using NHP serum and
human RBCs (O-type). Primates that showed no agglutination or
weak agglutinate reaction to human RBCs (O-type) were selected
to be candidates for the subsequent experiments. Before

www.StemCellsTM.com

xenotransfusion, primate’s whole blood was collected depending
on individual weight for modeling hemorrhagic anemia (as shown
in Table 2). To reducing immunosuppression [18], all primates were
injected intravenously with cobra venom factor (CVF) (Kmbiogen,
Kunming, China, http://www.biogen.net.cn/) (0.05 mg/kg) at 24
hours before xenotransfusion, dexamethasone (0.5 mg/kg) and
CVF (0.02 mg/kg) at half an hour before xenotransfusion, and dexa-
methasone (0.5 mg/kg) at 1 hour after xenotransfusion, respec-
tively. As shown in Table 2, total primates (n = 9) were divided into
four groups. As negative control, primates (n = 3) were injected
with 706-hydroxyethyl starch after blood collection; for positive
controls (positive control |, n = 2; positive control Il, n = 2), prima-
tes were transfused with normal human RBCs (O-type) derived
from fresh whole blood; for experimental group (n = 2), primates
were transplanted with 21-day cultured cells. All cells were previ-
ously washed, filtered through a deleukocyting filter, and sus-
pended in the 706-hydroxyethyl starch for xenotransfusion. For
positive control |, the amount of transfused RBCs was equal to the
collected amount of RBCs; for positive control Il and experimental
group, the amount of transfused cells was half of the collected
amount of RBCs, and cells were labeled with FITC-microbeads
(Lumigenex, Suzhou, China, http://www.lumigenex.com/) as
described previously [19]. Labeling efficiency of FITC-microbeads
was approximately 100%, as confirmed by flow cytometry.

Routine whole blood tests were performed using SysmexXT-
2000iv (Sysmex corporation, Kobe, Japan, http://www.sysmex.
com/) to monitor hematopoietic recovery, including the number
of RBCs and hemoglobin content. Lactate dehydrogenase (LDH) of
primates was measured by Mindray BS-200 Automatic Biochemis-
try Analyzer (Mindray, Shenzhen, China, http://www.mindray.
com/cn/). FITC fluorescent cells were detected by flow cytometry.

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 1. Culture condition optimization for ex vivo generation of human erythrocytes from CB CD34™ cells. Yields of total cells, CD34™"
cells, CD71" cells, CD235a" cells, and enucleated cells were calculated in case one CD34" cells were seeded on day 0. (A): For step 1, iso-
lated CD34™ cells were cultured for 5 days in different medium formulas, the absolute numbers of (Ai) total cells and (Aii) CD34" cells were
calculated on day 5. (B, C): Step 2 was initiated with cells derived from the MM+SFT group (IMDM + 100 ng/ml SCF + 100 ng/ml FL + 50
ng/ml TPO) of step 1. (B) Absolute numbers of (Bi) total cells, (Bii) CD71" cells, and (Biii) CD235a™ cells were calculated on day 12 with FL
ranging from 0 to 150 ng/ml in SE3 + F medium (IMDM + nutrition supplements + FBS + 100 ng/ml SCF + 6 IU/ml EPO + 20 ng/ml IL-3). (C)
Absolute numbers of (Ci) total cells, (Cii) CD71" cells, and (Ciii) CD235a" cells were calculated on day 12 with GM-CSF ranging from 0 to 20
ng/ml in SE3+F+FL(100) medium (SE3 + F medium supplemented with 100 ng/ml FL). (D, E): Step 3 was initiated with cells derived from
the SE3+F+FL+GM(15) group (SE3+F+FL(100) medium supplemented with 15 ng/ml GM-CSF) of step 2. (D) Absolute numbers of (Di) total
cells, (Dii) CD71™ cells, and (Diii) CD235a™ cells were calculated on day 18 in different medium formulas with IL-3 ranging from 0 to 15 ng/ml
in SE+F (IMDM + nutrition supplements + FBS + 100 ng/ml SCF + 6 IU/ml EPO) medium. (E) Absolute numbers of (Ei) total cells, (Eii)
CD717 cells, and (Eiii) CD235a™ cells were calculated on day 18 with FL concentrations ranging from 0 to 100 ng/ml in SE+F+IL-3(10)
medium (SE+F medium supplemented with 10 ng/ml IL-3). (F): Step 4 was initiated with cells derived from the SE+F+IL-3+FL(50) group
(SE-+F+1L-3(10) medium supplemented with 50 ng/mL FL) of step 3. (F) Absolute numbers of (Fi) total cells, (Fii) CD71" cells, (Fiii) CD235a ™"
cells, and (Fiv) enucleated cells were calculated on day 21 with different medium formulas. Results are presented as mean = SD of six inde-
pendent experiments. *, p <.05; **, p <.01; ***, p <.001. One-way analysis of variance followed by Dunnett’s multiple comparison test.
Abbreviations: IMDM, Iscove’s Modified Dulbecco’s medium; MM, modified medium.
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Statistical Analysis

One-way analysis of variance followed by Dunnett’s multiple com-
parison test was used for comparison among the various treat-
ment groups. Results were considered statistically significant
when the p value was less than .05.

RESuULTS

Culture Condition Optimization for Ex Vivo Generation
of Human Erythrocytes From CB CD34™ Cells

We optimized a four-step protocol for the ex vivo expansion and
differentiation of human erythrocytes from CB CD34™" cells (Table
1). Various groups with different medium formulas were assessed
in each step.

In step 1, isolated CD34™ cells were expanded for 5 days to
produce an increased amount of HSPCs. The highest expansion
fold was observed in the MM +SFT group, which consisted of
IMDM, nutrition supplements, SCF at 100 ng/ml, FL at 100 ng/ml,
and TPO at 50 ng/ml. The fold increase in CD34™ cell proliferation
was 20 + 2.4, and the CD34" percentage was maintained at
80% * 4.3%. Although the MM+F+SFT group had the highest
expansion fold of total cells, the ratio of CD34™ cells was rapidly
decreased because of the effect of FBS (Fig. 1A). Therefore, the
MM -+ SFT group was selected for CD34™" cell expansion in step 1.

The expanded HSPCs were induced to differentiate to the ery-
throid lineage in step 2. Cytokines such as SCF, EPO and IL-3 have
been used most frequently for erythroid differentiation. On the
other hand, FL is known to contribute to the expansion of ery-
throid progenitors [3] and prevent apoptosis [20, 21]. To identify
the optimal combinations and concentrations of growth factors
for generating human erythroid progenitors ex vivo, FL (50-150
ng/ml) and GM-CSF (5-20 ng/ml) were added to IMDM supple-
mented with the nutrition supplements and SCF at 100 ng/ml,
EPO at 6 IU/ml, and IL-3 at 20 ng/ml (Table 1). The addition of FBS
and FL in SE3 medium significantly improved cell yield (Fig. 1B).
The concentration of FL selected was 100 ng/ml since there was
no significant difference in CD71" and €D235a" cell numbers
with 100 ng/ml FL compared with those with 150 ng/ml FL (Fig.
1B). SE3+F~+FL (100) with GM-CSF at 15 ng/ml demonstrated a
significant expansion of CD71" and CD235a™ cells. When the con-
centration of GM-CSF increased to 20 ng/ml, cD71" and
€D235a" cell numbers decreased, which might be attributed to
the myeloid differentiation effect of GM-CSF [22] (Fig. 1Cii, 1Ciii).

In step 3, further proliferation and differentiation of erythroid
cells were induced by a specific cytokine combination. To achieve a
high level of erythrocyte production, IL-3 (5-15 ng/ml) and FL (25—
100 ng/ml) were added to the medium supplemented with SCF and
EPO, which are commonly used for erythroid maturation, to deter-
mine an appropriate combination and concentration for RBC expan-
sion and maturation. IL-3 at 10 ng/ml and FL at 50 ng/ml significantly
enhanced CD235a™ cell expansion when added to the medium sup-
plemented with FBS and nutrition supplements (Fig. 1D, 1E).

In the final step of maturation, FBS was excluded for its
multilineage differentiation effects. Although there was no sig-
nificant difference between the E group and SE group in
enucleated cell number, the SE group still had a higher
€D235a" cell number (Fig. 1F). Therefore, the SE group was
selected in the last step. Overall, the final optimized culture
formula for human erythroid cell expansion and differentiation
was IMDM supplemented with nutrition supplements and
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sequential combinations of cytokines (MM+SFT for step 1,
SE3+F+FL+GM(15) for step 2, SE+F+IL-3+FL(50) for step 3,
and SE for step 4) as shown in Table 1.

Large-Scale Generation of Human Erythrocytes

Ex vivo large-scale erythropoiesis from CB CD34" cells was per-
formed in the bottle turning device culture system with the selected
cytokine combinations (Supporting Information Fig. S1). 2.9 X 10™
total cells with a 50.0% enucleation rate (LDS™ cells) were produced
from 10° CB CD34™ cells by the use of about 120 liter medium for
subsequent studies. As shown in the growth curve (Fig. 2A), the
expansion fold of total cells increased slowly during the initial culture
period (day O to day 5). Then, from day 5 to day 15, cells entered an
exponential growth phase, in which cells maintained a high prolifer-
ating rate and vigorous growth. An approximate of 2.9 X 10°-fold
and 8.9 X 10’-fold increase in cells was achieved by day 12 and day
15, respectively. Cells had a slow expansion rate from day 18, and
the amplification of total cells reached a plateau of approximately 2
X 10%fold (1.4-2.5 X 10%-fold) by day 21. When cultures were con-
tinued, a decrease in cells growth related to cell mortality was
observed from day 21 (data not shown).

Erythroid differentiation was morphologically examined by
CFU assay and cell staining. CFU assay (Supporting Information
Table 1) showed that over 90% of the total colonies were BFU-E,
or CFU-E on day 9 and day 12, suggesting that these expanded
cells were induced toward the erythroid lineage. The proliferation
of the generated erythroid progenitors and their subsequent dif-
ferentiation and maturation were also assessed by flow cytomet-
ric analysis. Isolated CD34™" cells (day 0) expressed a high level of
HSPCs markers (CD34, CD133, and CD45), and as expected, the
expression of erythroid markers (CD71 and CD235a) was low or
undetectable. After 21 days of differentiation, the percents of
CD34" and CD133™ decreased significantly and remained weakly
positive (1%—2%), and the CD45" percentage of the cell popula-
tion also declined to 12.9 * 2.8% (Fig. 2B). On the other hand, the
expression of CD71 showed a rapid increase with a peak on day
15 (79.8% * 6.3%) and continuous decrease following the differ-
entiation process. The expression of CD235a increased gradually
and maintained a high level after that (Fig. 2C). On day 21, the cul-
tured cells strongly expressed CD235a (90.1% = 6.2%) and weakly
expressed CD71 (54.0% = 7.2%). Cell staining showed that the cell
population exhibited a pure erythroid phenotype. Enucleated
RBCs could be observed in this population (Fig. 2D).

Analysis of Gene Expression

At various time points of the culture process, the expressions of
erythroid-specific genes (GATA1, GATA2, EKLF, B-globin, Ay-globin,
and Gy-globin) were detected by qRT-PCR. As shown in Figure 2E,
GATA1 expression gradually increased during erythroid differentia-
tion, whereas GATA2 expression gradually decreased following cell
maturation. EKLF, a [}-globin gene transcription factor, exhibited
increased expression during differentiation. In addition, the upreg-
ulation of Ay-globin, Gy-globin, and [3-globin was also observed in
the cultured erythrocytes. These results indicated that the induced
erythrocytes were able to produce fetal-type hemoglobin (“y-glo-
bin, ®y-globin) and adult-type hemoglobin (B-globin).

The expression levels of typical hematologic disease-
associated proto-oncogenes (c-myc, c-myb, Bmi-1, K-ras, cyclin B,
and hETRT) were analyzed before and after differentiation. The
results showed that the expression levels of these genes in cul-
tured erythrocytes were lower than of those in unexpanded CB
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Figure 2. Large-scale generation of human erythrocytes and characterization analysis. (A): Expansion folds of total cells during the 21-day

culture. Isolated CD34™ cells were cultured under selected culture conditions. Expansion was calculated as a fold increase (after/before
expansion) in cell counts on a specific day (day 0, 5, 9, 12, 15, 18, and 21). Flow cytometric analysis of the expression of (B) hematopoietic
stem cell markers (CD34, CD133, and CD45) and (C) erythroid markers (CD235a and CD71) in cultured cells. Data are mean = SD, n = 4. (D):
Representative photomicrograph of cells on day 9, 12, 15, 18, and 21 with Wright-Giemsa staining. Scale bar = 20 pum. (E): Expression profiles
of erythroid-specific genes (GATA1, GATA2, EKLF, [3-globin, yG-globin, and yA-globin) on the indicated days. (F): Expression of certain repre-
sentative proto-oncogenes (c-myc, c-myb, Bmi-1, k-ras, cyclin B, and hETRT) in the 21-day cultured cells. Data are mean = SD; n = 4. Gene

expression was normalized to 3-actin expression.

CD34™ cells, indicating that the proto-oncogenes were not acti-
vated in the cultured cells after differentiation (Fig. 2F).

Synthesis and Functionality of Hemoglobin

From days 9 to 21, the hemoglobin content of cultured cells
increased from 15.3 = 1.5 pg per cell to 31.5 + 2.4 pg per cell,
which was similar to the content of normal human RBCs (27-33
pg per cell) (Fig. 3A). Furthermore, after centrifugation, the color
of the cell pellet changed from light pink to red, which also
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suggested that hemoglobin synthesis was upregulated following
differentiation (Fig. 3B).

The functionality of hemoglobin from induced cells was ana-
lyzed by oxygen equilibrium curves. Although erythrocytes derived
from three sources (human CB, human peripheral blood and cul-
tured cells) had different combinations of HbA and HbF, similar
hemoglobin dissociation curves were observed (Fig. 3C). This
result showed that ex vivo induced RBCs could produce hemoglo-
bin with oxygen binding and dissociation abilities that were equiv-
alent to RBCs produced in vivo.
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Synthesis and functionality of hemoglobin in the induced erythrocytes. (A): Hemoglobin content and (B) cell pellets of the cul-

tured cells on day 9, 12, 15, 18, and 21. Data are mean = SD, n = 4. (C): A representative oxygen equilibrium curve of 21-day induced erythro-
cytes. Red blood cells derived from cord blood and normal human peripheral blood were used as controls. (D): Long-term storage of the
cultured erythrocytes. Cells were harvested on day 21 and conserved at 4°C in a preservative solution for up to 4 weeks. The (Di) CD71 and
CD235a expression and (Dii) hemoglobin content of stored cells were evaluated during storage. Data are mean = SD, n = 3.

Long-Term Storage of Induced Erythrocytes

Cultured erythrocytes were harvested on day 21 and conserved at
4°C in a preservative solution for 4 weeks. The expressions of ery-
throid markers and hemoglobin content of the erythrocytes were
well maintained throughout the storage period (Fig. 3D), indicating
that the status of these cells remained unchanged during storage.

In Vivo Maturation of Cultured Cells in the NOD/SCID
Murine Model

To follow the in vivo fate of cultured cells, we injected CFSE-
labeled cells collected on day 21 into NOD/SCID mice. Before
injection into NOD/SCID mice, 68.6% and 53.4% of the cells were
CD71" and LDS”, respectively. After injection, cultured erythro-
cytes persisted in the circulation to the same extent as normal
human RBCs; CFSE™ cells were detected in the peripheral blood
of mice during 3 days post-injection in both groups of animals
(Fig. 4A). The kinetics of CD71" cells of the CFSE* population
showed a daily decrease (39.0% * 7.3% of the CFSE ™ cells on the
first day post-injection, 17.4% * 5.5% on the second day, and
3.8% * 2.3% on the third day) (Fig. 4B, 4C). At the same time, the
enucleation of transplanted cells was observed by the conversion
of CFSE*LDS™ cells to CFSE*LDS™ cells; LDS™ cells of the CFSE™
population increased from 62.0% = 8.2% on the first day post-
injection to 97.1% * 2.3% on the third day post-injection (Fig. 4D,
4E). On the third day post-injection, all CFSE™ cells expressed the
human RhD blood group antigen (Fig. 4F). These results indicated
that the cultured erythrocytes were able to undergo terminal
maturation in vivo. Moreover, 6 months after transplantation, all
mice continued to survive with no apparent abnormalities.

Safety Assessment in the NHP Model

To assess the safety and efficacy of induced erythrocytes, a NHP
model was used. For modelling hemorrhagic anemia model, the
primate’s whole blood was collected before xenotransplantation.
In month 18 post transplantation, these primates continued to

www.StemCellsTM.com

survive with no apparent abnormalities. Parameters of complete
blood counts, blood chemistries, appetite, weight gain, and behav-
ior were all normal, which implied that transfusion of cultured
cells had no adverse effects on primates.

Xenotransfusion in the NHP Model

After blood collection, RBC counts and hemoglobin content
declined remarkably in all primates, which were 82%—85% of
the initial values (Fig. 5A, 5B). In the positive control |, after xen-
otransplantation, RBC counts and hemoglobin content showed
a rapid increase and remained at 90% of the initial total amount
during 30 hours after transfusion. Then, from hours 30 to 72
post transfusion, the RBC counts and hemoglobin content
showed downward trends, which might be due to the immune
elimination of human RBCs by primates and the continuous
blood collection during the experimental process. In contrast, in
the negative control group treated with 706-hydroxyethyl
starch, both of the RBCs count and hemoglobin content showed
continuously downward trends during 54 hours after xenotrans-
fusion. Moreover, 144 hours were required for the RBC counts
and hemoglobin contents to recover to the normal level for the
positive control |. Whereas, 240 hours were required for the
negative control group (Fig. 5A, 5B). These results indicated
that transfusion of human RBCs could enhance the hematologi-
cal recovery of the NHP with hemorrhagic anemia.

Primates in positive control Il and experimental group showed
a similar trend on the change of RBC counts and hemoglobin con-
tent (Fig. 5A, 5B). Moreover, the results showed that cultured
erythrocytes survived in the circulation of primates to the same
extent level as normal human RBCs (Fig. 5D). The recovery of RBC
counts and hemoglobin content in these two groups was slower
than that in positive control | because of only half amount of
transfused cells. At various time points after xenotransfusion,
RBCs counts and hemoglobin content in experimental group were
slightly lower than that of positive control Il, which might be due
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Figure 4. In vivo maturation of the cultured cells in NOD/SCID mice. (A): Percentage of CFSE™ cells in mouse peripheral blood on days 1 to

3 after cell injection. (B): Kinetics of CD71" cells of the CFSE™ population in mouse peripheral blood after cell injection. (C): Flow cytometric
profiles of CD71" and CFSE™ cells in one representative experiment. Horizontal axis, CFSE detection; vertical axis, CD71 detection. (D):
Kinetics of LDS™ cells of the CFSE™ cell population after injection. (E): Flow cytometric profiles of LDS™ and CFSE™ cells in one representative
experiment. Horizontal axis, CFSE detection; vertical axis, LDS detection. Data are mean = SD, n = 4. (F): The expression of the RhD antigen in
CFSE™ cells in one representative experiment on day 3 post-injection. CFSE™ cells were co-labeled with anti-RhD antibody (red histogram) or
its control isotype (black histogram). Abbreviations: CFSE, 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester; LDS, laser dye styryl; NOD/

SCID, nonobese diabetic/severe combined immunodeficient; RhD, Rhesus antigen D.

to the induced erythrocytes containing part of immature cells.
However, primates in both of the positive control Il and experi-
ment group showed a quicker hematological recovery than those
in the negative control group. Complete blood counts showed
that the period of RBC counts and hemoglobin content below
80% of the initial amount was from hours 12 to 120 post transfu-
sion and from hours 24 to 120 in the experimental group and pos-
itive control Il, respectively, while the period was from hours 3 to
168 in the negative control group (Fig. 5A, 5B).

Blood biochemical examination showed that LDH in all prima-
tes increased obviously during 10 hours after blood collection,
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indicating the increase of anaerobic metabolism induced by
hypoxemia. The LDH peak was 9-fold of the initial value in nega-
tive control group compared with 4.15-fold in the positive control
1, 6.98-fold in the positive control I, and 8.06-fold in the experi-
mental group (Fig. 5C). The 96 hours required for the LDH to come
down to normal level in positive control | compared with 144
hours in positive control Il and experimental group, and 168 hours
in negative control group. These results indicated that xenotrans-
fusion of human derived erythrocytes ameliorated the hypoxia sit-
uation the hypoxia situation in the primates with hemorrhagic
anemia.
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Figure 5. Hematological recovery in nonhuman primates after xenotransfusion. RBC counts (A) and hemoglobin content (B) in primates
which received human derived erythrocytes (Positive control I, n =2; positive control Il, n=2; experimental group, n=2) or 706-
hydroxyethyl starch (negative control, n=3). The initial amount of RBC counts and hemoglobin content before xenotransfusion were
regarded as 100%. For positive control | and positive control Il, primates were transfused with normal human RBCs isolated from peripheral
blood (O-type); for experimental group, primates were transfused with 21-day cultured erythrocytes. The amount of transfused cells for posi-
tive control | was equal to the collected amount, and the amount of transfused cells for positive control Il and experimental group was half
of the collected amount. Data are mean = SD. (C): The increased folds of LDH in the peripheral blood of primates at various time points post
xenotransfusion. Data are mean = SD. (D): FITC microbeads-florescent cells were detected by flow cytometry in the peripheral blood of pri-
mates that received normal human RBCs (positive control I1), and 21-day cultured erythrocytes (experimental group). The percentage of FITC-
florescent cells in primates’ blood samples which were collected on 5 minutes post xenotransfusion was regarded as 100%. Results are pre-
sented as mean = SD. Abbreviations: LDH, lactate dehydrogenase; RBC, red blood cells.

affect HSPC differentiation ex vivo [25, 26]. In this study, the rota-
tion speed of the bottles was adjusted to maintain an appropriate
In the current study, we developed a four-step protocol for ex vivo medium dissolved oxygen level. Moreover, in comparison with a
large-scale generation of erythrocytes from HSPCs. Under our  gtatic culture system, the dynamic culture system was able to pre-
experimental conditions, a combination of 20-fold amplified  vent cells from conglutination or forming clusters. To our knowl-
CD34" cells in the first step with subsequent steps of erythroid  edge, this is the first report on using a bottle turning device to
differentiation generated over 2 X 10° erythrocytes from one  scale up ex vivo erythropoiesis. In comparison with the small vol-
input of CB CD34" cell population. This result indicated that the  ume culture system (flask-based culture), the yield data obtained
yield of erythrocytes derived from one cord blood unit (5 million  from this culture system would be more reliable for actual large-
CD34™ cells) could, in theory, be equivalent to 500 blood transfu- scale practice.

sion units in clinical applications. In comparison with previous The high cost of ex vivo generating RBCs is a major obstacle
studies [3, 11, 23, 24], a higher numerical expansion was achieved  for the clinical application. To address this issue, we modified
in a shorter culture period. In addition to the clinically relevant the medium for HSPCs expansion and differentiation to cut the
cell yield, ex vivo-generated erythrocytes can be closely monitored cost. By calculation, the cost to produce a unit (200 ml) of
and controlled in the laboratory to reduce infectious risks, which blood with our modified medium is about $6,000 (excluding
can be a promising solution in addressing the shortage of safe the cost of cytokines), which is estimated to be 1/30 or even

DiscussION

blood for transfusion. less than that of producing a unit of blood with commercially

Given the large number of cells required for clinical use, eryth- available medium [27] in the market. On the other hand, we
rocyte production in tissue culture flasks would not be feasible or have also attempted to optimize the culture protocol to
sufficient. Therefore, we scaled up the cell culture process from improve the proliferation/differentiation capacity of HSPCs [Y.

flasks to a bottle turning device system, which could hold nearly Zhang, B. Shen, X. Guan et al., manuscript submitted]. Because
10 liters of medium with 16 turning bottles in one customized of the limited proliferative ability of lineage-restricted down-
incubator. Dissolved oxygen level is one of the key factors that can stream cells, we added SCF, TPO, and Flt-3 to promote the

www.StemCellsTM.com © 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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amplification of CB CD34" cells during the initial culture
period. Considering HSPCs reside in hypoxic niches within bone
marrow and cord blood, hypoxia (3% O,) culture condition was
tested, aiming to get a better amplification of multipotent and
erythroid committed progenitors [28, 29], while our data did
not show significant improvement for the ultimate production
of RBCs compared to the condition in atmospheric O, (unpub-
lished data). It might be explained that essentially all experi-
ments, such as cell isolation and the processes for functional
analysis, are performed in nonphysiologic ambient air. We will
be actively pursuing this approach by introducing an O,-, and
CO,-controlled glove box to collect and manipulate CB CD34™
cells in native conditions of hypoxia.

It has been suggested that EPO is a key regulator of ery-
throid differentiation [30]. However, EPO alone is insufficient
for large-scale amplification of HSPCs and erythroid cells [31,
32]. Therefore, SCF and EPO, which are commonly used for ex
vivo erythroid differentiation, and other cytokines (IL-3, FL, and
GM-SCF) were added at optimized concentrations to stimulate
the expansion of erythroid progenitors and maturation into
erythrocytes [33-36]. In the last step of erythroid cell matura-
tion, FBS and other cytokines (IL-3, FL, and GM-SCF) were
excluded because of their multilineage differentiation effects.
Moreover, the removal of FBS also improved process security
and eliminated the risk of disease transmission. Finally, based
on the selected optimized culture conditions, human CB CD34™"
cells were efficiently induced to differentiate into erythrocytes
after 21 days of culture.

During differentiation, flow cytometric analyses demon-
strated that CD235a, CD71, and CD34 expressions in CB-
derived erythrocytes were consistent with previous results
regarding erythrocyte induction mechanisms [37, 38]. The gene
expression profile of cultured cells was also analyzed by gRT-
PCR at various time points. In comparison with initial CD34™
cells, generated erythrocytes had similar or lower expression
levels of proto-oncogenes including c-myc, c-myb, Bmi-1, K-ras,
cyclin B, and hETRT, thus strongly suggesting that the ex vivo-
generated erythrocytes were unlikely tumorigenic. GATAI is a
transcription factor that determines erythroid differentiation
and survival as well as hemoglobin gene expression [39], and
GATA1 inhibits GATA2 expression. As shown in Figure 2, GATA2
expression was downregulated following EPO stimulation. EKLF
binds specifically to the f-globin promoter [40], and these tran-
scription factors are closely related to hemoglobin gene expres-
sion. Therefore, the upregulation of f-globin in the induced
erythrocytes was supported by the increased expression of
EKLF. Previous studies have suggested that the original sources
of HSPCs appear to possess different propensities for hemoglo-
bin production. CB- and mobilized PB-derived erythrocytes pre-
dominantly express y and [ globin chains [7, 41, 42],
respectively. In our study, y/p ratio was 90:10 in cultured eryth-
rocytes by qRT-PCR analyses, which is consistent with previous
results. We also monitored hemoglobin synthesis at the protein
level. Hemoglobin synthesis begins at the erythroid precursor
stage [43]. As expected, hemoglobin was detectable in the day-
9 cell population. Progressive erythroid maturation was accom-
panied by an increasing level of hemoglobin, and on day 21,
the hemoglobin content of induced erythrocytes was similar to
that of normal RBCs produced in vivo. For the functional analy-
sis of hemoglobin, induced RBCs showed similar oxygen equi-
librium curves to those obtained with healthy adult peripheral
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blood or umbilical cord blood. Furthermore, the hemoglobin
content of cells stored for 4 weeks was similar to that of recent
ex vivo-generated erythrocytes, indicating that the induced
cells were stable and functional.

Although the ex vivo-generated erythrocytes were not fully
mature, we were able to confirm their capacity to undergo terminal
maturation in vivo using the NOD/SCID murine model, as demon-
strated by the absence of membrane CD71 protein and nucleic
material. Further studies in NHP confirmed that induced erythro-
cytes were capable of oxygen-carrying ability, and the cultured
erythrocytes could enhance hematological recovery and ameliorate
the hypoxia situation in the primates in a hemorrhagic anemia
model. Moreover, xenotransfusion of cultured cells revealed no
adverse effect in mice and primates. All mice and primates contin-
ued to survive with no apparent abnormalities during 6 months
and 18 months after transplantation, respectively, demonstrating
the long-term safety of the induced erythrocytes. These results indi-
cated that xenotransfusion of human erythrocytes were capable of
alleviating the hypoxia situation in the primates with hemorrhagic
anemia. These findings suggested that the ex vivo-generated eryth-
rocytes could be considered as a potential substitute for clinical
blood transfusion to overcome blood supply shortages, especially
for the treatment of chronic anemia or patients with rare blood
types, as well as some urgent occasions of blood transfusion.

CONCLUSION

We have established a large-scale culture system to produce func-
tional human erythrocytes ex vivo. The results of our study sug-
gest that the ex vivo-generated RBCs retain the normal features
and functionality as the in vivo-generated RBCs and could be an
alternative RBC source for traditional transfusion RBC products in
clinical applications.
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